Introduction
Low-calorie sweeteners (LCSs), artificial sweeteners, or high-intensity sweeteners are incorporated into foods, beverages, and food and beverage additions (FBAs) as an alternative to sugars or nutritive sweeteners (NSs). Compared with NSs, LCSs can result in overall dietary calorie reduction and have been successfully used in weight management (1, 2) . It also has been suggested that LCSs can assist with weight loss and management of diabetes (3) (4) (5) (6) (7) (8) . Lower overall total caloric intake has been reported among adults with normal weight, but not overweight or obese, BMIs consuming LCSs (9) . In addition, some studies have reported a relation between consumption of LCS-containing beverages and obesity risk (7, 8) , whereas a recent study found dietary intake and glycemic response to be equal or better after consumption of beverages containing LCSs compared with water (10) . However, controversy still exists with regard to LCS consumption and health effects including weight management (11) .
The question of whether LCSs are directly beneficial for weight loss also has been examined in rodent models by multiple authors. Swithers and Davidson (12) reported weight gain and increased adiposity in rats after intake of yogurt with added saccharin compared with added glucose, and consumption of more calories by rats that consumed saccharin-sweetened yogurt (12) . Rodents on a high energy, fat, and sugar diet (HE or Westernized diet) fed saccharin compared with glucose yogurt supplements experienced increased adiposity, weight gain, and energy intake (13) . However, a recent Australian study replicating Swithers and Davidson's 2008 work found the opposite: greater weight gain and fat pad mass for rats fed glucose-sweetened compared with saccharin-sweetened yogurt (14) .
LCS consumption has been associated with healthier lifestyle choices, such as increased physical activity, greater fruit and vegetable intake, and higher overall Healthy Eating Index (HEI) scores (15) ; however, recent reports suggest LCS intake is increasing in the United States in parallel with rates of overweight and obesity (16, 17) . Although diet quality has been assessed in relation to LCS intake through the use of HEI-2010 and macronutrient intake assessed in consumers of LCScontaining beverages, only 1 study has assessed macronutrient intake in consumers of foods, beverages, and packets containing LCSs (18) . Some studies have assessed LCS intake from foods and beverages or beverages alone; however, none have fully incorporated the concept of FBAs (2, 19, 20) . Examining LCS use in the context of the total diet (foods, beverages, FBAs) is important to better provide targeted food intake guidance.
In the current study our purpose was to assess the prevalence of LCS intake in the total diet of foods, beverages, and FBAs among US adults through the use of 2 nonconsecutive 24-h dietary recalls from the NHANES 2007-2012 and the National Cancer Institute (NCI) usual intake method (21) (22) (23) . We also examined the relation among overall, no/low, and high intake of LCSs and NSs in items consumed as well as calorie and dietary macronutrient intake levels among individuals with and without reported intake of LCS-and NS-containing items.
Methods

Study design and population
Sociodemographic and dietary data were obtained from the 3 most recent NHANES cycles (2007-2008, 2009-2010, 2011-2012) for this cross-sectional study. The NHANES survey and physical exam are administered in 2-y cycles by the National Center for Health Statistics (NCHS) to a national sample of US adults and children (24) . Each NHANES continuous cycle used a complex, multistage probability sample to obtain national-level data with oversampling of certain population subgroups (25) . Two nonconsecutive 24-h dietary recalls were collected by trained dietary interviewers for each included NHANES cycle, of which the first was in-person and the second followed 3-10 d later by phone. The USDA Food and Nutrient Database for Dietary Studies (FNDDS) was used to code all food and beverage items reported consumed in the NHANES dietary interview component (What We Eat in America, WWEIA) and to obtain nutrient content (26) . The NCI usual intake method was used to estimate macronutrient intake in US adults (defined as ≥19 y old) who did and did not use LCSs (23) .
The pooled NHANES 2007-2012 data included 30,442 individuals, of which 18,191 were adults aged ≥19 y. After limiting to adults with data considered reliable by the NCHS, excluding pregnant and lactating women (n = 477) and those without 2 complete nonconsecutive 24-h dietary recalls (n = 3616), the analytic sample was 14,098 US adults (men, n = 6925; women, n = 7173; weighted n = 218,391,752). Those with underweight BMI (n = 237) or missing BMIs (n = 173) also were excluded.
Characteristics
Age was categorized into the following age groups: 19-30, 31-50, 51-70, and ≥71 y. Race/ethnicity was classified as: non-Hispanic white, non-Hispanic black, Hispanic, or other which included nonHispanic persons reporting multiple races. Education was categorized as: high school graduate/General Educational Development or lower, completing some college or an associate degree, or college graduate or higher. Poverty income ratio was defined as: below the poverty line, at/above the poverty line, or above 3 times the poverty line. BMI (kg/m 2 ) was classified as: underweight (<18.5), normal weight (18.5-24.9), overweight (25-29.9), or obese (≥30).
Food and beverage items, including FBAs, and sweeteners
Those items that were primarily consumed on their own were classed as foods or beverages; however, items not typically used on their own but rather added to or consumed with a food or beverage item were termed "FBAs" (e.g., creamer, sugar/packaged LCSs, ketchup, butter, and salad dressing). Food, beverage, and FBA items were coded as containing LCSs if the USDA item descriptions such as "with low/nocalorie sweetener", "sugar-free", or "dietetic/low sugar" were used; or if review of the online ingredients list for processed foods or the recipes for homemade ethnic foods indicated that the items contained LCSs or NSs. The USDA listing of inclusion of sugar and related ingredients was also consulted (https://fnic.nal.usda.gov/food-composition/nutritiveand-nonnutritive-sweetener-resources). The adjudication process for coding of ingested items was described previously (27) . If an individual reported intake of food, beverage, or FBA containing LCSs over the 2-d period (two 24-h recalls: 1 in person and 1 by telephone) they were considered positive for LCS intake whereas individuals who did not report LCS intake were considered negative for intake. In addition, individuals were dichotomized based on LCS intake specific to food, beverages, or FBAs. We were also interested in the number of times a person used NSs and total sugars consumed based on reported foods over the 2 d of recall. Based on an initial distribution, we identified NS use ≤6 times over 2 d, which corresponded to 21.5% of the population, as low frequency of NS use and high frequency of NS use was defined as NSs >6 times over 2 d. The following LCS and NS intake groups were used: no or low NSs and no LCSs (10.6%), no or low NSs along with LCSs (10.9%), high NSs and no LCSs (41.6%), or high NSs along with LCSs (36.9%).
Statistical analysis
Demographic characteristics, socioeconomic status (SES) factors, and BMI were compared by food, beverage, and FBA items containing LCSs with the use of descriptive statistics, such as Wald chi-square tests. All analyses accounted for the clustered sampling design and oversampling, and adjustments were made for differential noncoverage and nonresponse adjusted by the 3 continuous NHANES cycles (25, 28) . We used multivariate logistic regression to evaluate the associations between demographic characteristics and SES factors, with LCS use (overall and separately in foods, beverages, and FBAs) being the outcome of interest through calculation of ORs and 95% CIs. Models adjusted for covariates including: NHANES cycle, sex, race/ethnicity, age, education, poverty income ratio, and BMI category.
Usual dietary intake levels of nutrients over two 24-h recalls were examined by LCS intake with adjustment for age, race, sex, day, and weekend day through the use of the NCI usual intake estimation methodology (21) (22) (23) . Usual dietary intake levels of nutrients were also assessed by NS/LCS use and BMI category after adjustment for age, race, sex, day, weekend day, and other NS/LCS intake categories.
All analyses were conducted via SAS, version 9.3 and its complex survey-specific procedures (SAS Institute; Cary, NC). Institutional Review Board approval was not required by the Medical University of South Carolina because the study involved a secondary data analysis and was not deemed to be human subjects research.
Results
The national prevalence of LCS intake overall and in foods, beverages, and FBAs among US adults over 2 d is presented in Table 1 . Approximately 48% of adults reported consuming foods (9.3%), beverages (31.9%), or FBAs (25.2%) containing LCSs. Over a 2-d period, 3.0% ± 0.2% of adults reported LCS intake in foods only; 17.5% ± 0.6% in beverages only; and 11.3% ± 0.4% in FBAs only (data not shown). Most individual respondents reported consuming LCSs from multiple dietary sources. Hence, the 25.2% who reported LCS intake in FBAs includes adults who reported LCSs in FBAs only (11.3%); LCSs in beverages and FBAs (9.7%); LCSs in foods and FBAs (1.6%); and LCSs in food, beverages, and FBAs (2.6%) (data not shown). Women, non-Hispanic whites, college graduates or higher, those aged ≥71 y, and those of higher income were more likely to consume food containing LCSs (P < 0.001) than the respective comparison groups. Individuals of these groups (except those aged ≥71 y) as well as obese individuals (BMI > 30) and those aged 51-70 y were also more likely to consume beverages or FBAs containing LCSs than the respective comparison groups (P < 0.001). Table 2 displays ORs and 95% CIs predicting LCS intake across 2 d overall and in foods, beverages, and FBAs among US adults. The odds of LCS intake overall and in food and FBAs increased with age. More specifically, the odds of LCS use in FBAs were 1.37 (95% CI: 1.10, 1.71) for 31-to 50-y-olds, more than 2-fold for 51-to 70-y-olds (OR = 2.20, 95% CI: 1.73, 2.79), and 3-fold for ≥71-y-olds (OR = 3.06, 95% CI: 2.36, 3.96) compared with 19-to 30-y-olds. LCS intake in foods had higher odds among persons of all age groups than 19-to 30-y-olds, whereas LCS intake in beverages had higher odds among 51-to 70-yolds. The odds of LCS intake overall and in foods and beverages were elevated among those with college education or higher compared with high school education or lower. Differences in LCS intake were also observed by BMI category with higher odds overall and in beverages and FBAs among those classed as overweight and obese BMIs compared with normal weight.
The nutrient intake (mean ± SE) of individuals by reported LCS intake is shown in Table 3 with adjustment for age, race, sex, day, and weekend day. Compared with nonconsumers, mean calorie (2299 compared with 2122 kcal), carbohydrates (286.5 compared with 253.2 g), and total sugars (135.7 compared with 110.9 g) were significantly lower for LCS consumers (P < 0.001). Fiber intake was significantly higher for LCS consumers than nonconsumers (17.7 compared with 16.4 g; P < 0.001).
The national prevalence (percentage ± SE) of NS use is reported in Table 4 . Only 0.1% of the population reported no NS intake over the 2-d period; whereas 21.5% reported intake of foods, beverages, or FBAs containing NSs ≤6 times. As expected, mean total sugars consumed increased from 27.5 g among individuals whose diet did not include NSs to 158.8 g among individuals who used NSs ≥11 times over the 2-d period. The prevalence of LCS use ranged from 15.6% among individuals without reported dietary NS intake to 54.4% among those who used NSs 4 times over the 2-d period. Based on the distribution of the reported NS intake times over 2 d, 21.5% of adults were categorized as having no or low frequency of NS use (≤6 times) and 78.5% of individuals were categorized as having high frequency of NS use (>6 times). Figure 1 presents mean ± SE macronutrient intake of energy for US adults by LCS and NS intake categories adjusted for age, race, sex, day, and weekend day. Among individuals consuming NSs ≤6 times over the 2 d, mean intake of energy (1797 compared with 1699 kcal) was significantly lower for LCS consumers than nonconsumers (P < 0.05), as were carbohydrates (211.2 compared with 188.6 g) and total sugars (80.8 compared with 72.2 g) (data not shown). Among NS consumers who used NSs ≤6 times over the 2 d, dietary fiber was significantly higher than among nonconsumers of LCSs (14.8 compared with 14.2 g; P < 0.05) (data not shown). Results were similar in those reporting NS use ≥6 times over the 2 d with total fat also differing significantly between the 2 groups.
The nutrient intake (mean ± SE) of individuals by reported LCS intake was also examined by BMI category with adjustment for age, race, sex, day, and weekend day ( Table 5 ). The energy, carbohydrate, and total sugar intake among overweight or obese (BMI) US adults who reported use of LCS-containing foods, beverages, or FBAs were significantly lower compared with those without LCS intake, whereas fiber was significantly higher (P < 0.05). Moreover, when examining energy from food, beverages, and FBAs in those with reported LCS use, reduced energy was largely the result of reduced calories from beverages in individuals with either an overweight or obese BMI, and from both food and beverages in those with a normal BMI.
Discussion
Our study examined characteristics associated with the prevalence of LCS intake in adults from 2007-2012. Over a 2-d period, 48% of US adults reported LCS intake in foods, beverages, or FBAs, which is higher than past reports based on earlier NHANES cycles involving 1-d (16, 29) or 2-d (18) recall. The majority of LCS intake was in beverages (31.9%); however, an additional 15.9% of individuals reported LCS intake in foods and/or FBAs who did not report consumption of LCSs in beverages. Consistent with previous research, there were higher odds of LCS intake among non-Hispanic whites, women, elderly (aged ≥71 y), and persons of higher SES (29), although we also observed higher odds of LCS intake among individuals with obese BMIs. LCS intake in FBAs and food appeared to increase with age, whereas intake in beverages was highest among 51-70-y-olds. Nutrient intake was also examined and calorie, carbohydrate, and sugar intake were found to be significantly lower (and fiber higher) in individuals who reported intake of foods, beverages, and FBAs containing LCSs than in individuals who did not report LCS intake. Our findings of fewer kilocalories per gram among individuals who report LCS intake are consistent with previous studies (1) and hold when stratified by level of NS use. Because obesity is a potential confounder of the relation between LCSs and nutrient level, LCS intake was further stratified by BMI category as consistent with the literature (16) . Differences in nutrient levels were observed within different BMI categories. Compared with adults with reported LCS intake, energy, carbohydrate, and sugar levels were elevated in adults without reported LCS intake regardless of BMI category.
Previous studies LCS intake in beverages has been assessed by previous studies, but few have assessed intake in food and/or FBAs (2, 9, 16, 18, 30). Sylvetsky et al. (18) examined LCS intake from foods, beverages, and packets over two 24-h dietary recalls with the use of USDA FNDDS food descriptions. They also assessed LCS intake through meals and snacks and when consumed alone (separate from foods, beverages, meals, or snacks) (18) . Meal occasions were defined according to past studies (31); FBAs such as pickle relish, mayonnaise, or ketchup were considered as foods in the analysis (18) (AC Sylvetsky, George Washington University, BP Marriott, personal communication, 2017).
Piernas et al. (2) found lower diet quality among LCS-beverage consumers than nonconsumers. However, Drewnowski and Rehm (15) reported higher dietary quality scores (via the HEI-2005) among consumers of LCS beverages and foods. In addition to providing fewer kilocalories per gram than caloric sweeteners, LCS use has been associated with healthier lifestyle choices, such as increased fruit/vegetable intake (2) and physical activity levels (15) . Although a large proportion of LCS intake results from LCS-containing beverages, this pertains to only a single behavior. The addition of foods and separately FBAs to this analysis gives insight into eating as well as drinking behaviors, enabling identification of dietary behaviors as targets for intervention.
From 1999 to 2008, the prevalence of LCS intake in the United States increased with ≥50-y-olds and women experiencing the greatest increase, although an increase was not observed over NHANES cycles, 2005 NHANES cycles, -2008 . Intake of beverages containing LCSs also increased among women during this period (29) . However, these studies involved only a single dietary recall which may underestimate the true prevalence (16, 29) .
Strengths and limitations
Our results were based on dietary information from two 24-h recalls, and are subject to limitations. For the 24-h recall data available from NHANES, underreporting portion size of all food and drink items has been cited as an issue and may affect nutrient levels, which may underestimate overall LCS and NS intake among US adults (32) .
Although differential misclassification may occur owing to misreporting by BMI category, after further stratifying LCS intake by BMI category, differences in nutrient levels including total energy remained. Moreover, capturing use in food and FBAs reduces misclassification when categorizing individuals based on reported LCS intake. Our use of dietary data from 3 continuous NHANES cycles (2007) (2008) (2009) (2010) (2011) (2012) , and the matching versions of USDA's FNDDS 5.0 (26), does not reflect current (2018 LCS) intake or market availability in food, beverage, and FBA items. Further, our ability to identify the specific type of FIGURE 1 Usual dietary intake levels of energy from foods, beverages, and food and beverage additions by LCS category over 2 d stratified by NS category. Low NS was defined as using NS ≤6 times over a 2-d period and high NS was defined as using >6 times over a 2-d period. Adjusted for age, race, sex, day, weekend day, and other NS/LCS categories. †Statistically significant at P < 0.05; *Statistically significant at P < 0.001. LCS, low-calorie sweetener; NS, nutritive sweetener. (25-29.9 ), or obese (≥30). Those with underweight (<18.5, n = 237) or missing (n = 173) BMIs were excluded. †Statistically significant at P < 0.05; * statistically significant at P < 0.001. FBA, food and beverage addition; LCS, low-calorie sweetener. 2 Ten percent of individuals with a normal-weight BMI used LCSs and 20.0% did not, 15.1% of individuals with an overweight BMI used LCSs and 18.6% did not, and 18.2% of individuals with an obese BMI used LCSs and 17.8% did not use LCSs.
LCS and other sweeteners included in this analysis was limited by the FNDDS database, which may differ based on subject demographics, BMI, or other factors. Despite the potential limitations of NHANES and FNDDS, it is the most comprehensive nationally representative data for dietary intake studies in the United States. Further, the USDA's Automated Multiple-Pass Method used to collect the dietary intake data aims to minimize misreporting of all food, beverage, and FBA items (33, 34) . A third limitation is the cross-sectional design which limits our scope to associations and prevents examination of temporal relations between the factors examined. Unlike previous reports of only beverages, we examined all food, beverage, and FBA items reported in two 24-h periods along with macronutrient intake. In addition, we used existing FNDDS food group categories to examine the food items, along with similar grouping for all beverages reported in order to assess LCSs among all items.
In conclusion, our findings indicate that individuals who report intake of LCS-containing items, alone or in combination with no or low NSs, have lower total energy intake than individuals without reported LCS intake and with reported LCS intake with high NSs. These data confirmed that the main source of LCSs in the US adult diet was beverages at roughly 32% but identified that a quarter of the US adult population consumed LCSs from FBAs with only 9% having foods as a LCS source. These results provide significant new understanding of eating patterns in the United States and thus targets for specific dietary education and intervention.
